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We present a gradient-index (GRIN) metamaterial based on an array of annular slots. The
structure allows a large variation of the effective refractive index under normal-to-plane incidence
and thus enables the construction of GRIN devices consisting of only a small number of functional
layers. Using full-wave simulations, we demonstrate the annular slot concept by means of a 3-unit-
cell thin GRIN lens for the terahertz (THz) range. In the presented realizations, we achieved an
index contrast of ∆n = 1.5 resulting in a highly refractive lens suitable for focusing THz radiation
to a spot size smaller than the wavelength.
In the last ten years, metamaterials have emerged
to be powerful tools for the manipulation of light on
the subwavelength scale. From the very first day of
metamaterials, the scientific interest has been driven
by the possibility of guiding light by tailoring the
effective material parameters. In this respect, various
concepts have been proposed, ranging from gradient
index materials [1–3], to invisibility cloaks [4–7] and
other transformation optical structures [8–12]. Most
of the concepts have only been experimentally realized
in the microwave regime where comparatively simple
fabrication techniques allow a large freedom in the
metamaterial design. However, when approaching higher
frequencies as the THz or the optical regime, the experi-
mental realization becomes more challenging since the
standard fabrication methods, such as photo- or electron
beam lithography, allow only the fabrication of planar
structures with a very limited number of layers. In order
to compensate the layer restriction in the high frequency
range, it is therefore important to use metamaterials
that provide a high refractive index contrast. However,
most of the metamaterial structures are very lossy and
allow only a moderate change of the refractive index
within an acceptable transmission window. In particular,
this is the case for resonant elements which are usually
associated with high intrinsic losses. One possibility to
create a non-resonant element is to choose the operation
frequency well below the resonance frequency and, hence,
operate in the non-resonant region of the structure. This
approach has been applied in Ref. 2 − 4 where the
achieved index contrast was reported to be in the range
of ∆n = 0.7−0.9. In this paper, we present an alternative
approach for a non-resonant, polarization-independent
structure which allows a very large variation of the
refractive index of about ∆n = 1.5 with high transmis-
sion and reasonable bandwidth for practical applications.
The unit cell of the proposed metamaterial consists of
a 3 µm wide annular slot within a square metal patch
as shown in Fig. 1(a). The metal layer is embedded in
a cubic dielectric matrix with an edge length of 60µm.
The radius of the annular slot was varied in order to al-
ter the effective index of refraction. We analyzed the
electromagnetic properties of the metamaterial by full-
wave time-domain simulations (CST Microwave Studio).
To consider a realistic model, the metal layer was imple-
mented by 200 nm thick copper with an electric conduc-
tivity of σ = 5.8× 107 S/m. For the dielectric matrix, we
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Fig. 1. (a) Unit cell of the annular slot structure with excited
antisymmetric current mode. (b) Front view of the composed
GRIN lens with a diameter of 25 unit cells.
used benzocyclobutene (BCB) with a relative permittiv-
ity of ǫ = 2.67 and a loss tangent of tan δ = 0.012.
The proposed GRIN metamaterial was composed of 3
layers of unit cells in the direction of propagation. The
corresponding spectral transmission of a 3-layer-structure
is presented in Fig. 2(b) for different values of the inner
slot radius. The structure exhibits a broad transmission
passband for frequencies between 1.2THz and 1.9THz
with an amplitude transmission up to 85%. The en-
hanced transmission in the passband is related to the
excitation of antisymmetric current modes at the inner
and outer edge of the slot as indicated in Fig. 1(a). These
antisymmetric modes exhibit a strongly reduced dipolar
coupling to the external field leading to the observed high
transmission.
The effective material parameters of the structure
were determined by a retrieval algorithm as described
in Ref. 13. The reliability of the effective medium
description was corroborated by the observation that the
retrieved parameters were independent of the number
of unit cells in the direction of propagation, i.e. the
thickness of the metamaterial slab. Furthermore, the
real part of the retrieved index of refraction agreed
with the values deduced from the phase advance of a
propagating plane wave through the metamaterial slab.
In Fig. 2(a), we present the retrieved refractive index n
for varying values of the slot radius. Note that for
frequencies above 1.5THz, the half-wavelength inside the
medium is smaller than the unit cell size (Bragg regime)
and effective values are not expected to be reliable. The
graphs show that the increasing transmission at the low
frequency edge of the passband is related to a rapid
increase of the refractive index from n ≈ 0 to values
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Fig. 2. (b) Real part of the effective index of refraction n for
varying inner radius r of the slot. (b) Amplitude transmission
for three unit cells in the direction of propagation. The spec-
tral operation range of the GRIN lens is indicated by a grey
box.
of about n ≈ 1.6 − 1.8. This behavior is caused by a
Drude-like response of the effective permittivity whereas
the effective permeability is almost constant (see Fig. 3)
implying the observed increase of n and of the transmis-
sion for frequencies above the plasma frequency ωp. The
strong frequency dispersion of n is a key feature of the
proposed GRIN lens since it allows a large variation of
n within the passband by altering the slot radius. As
seen from Fig. 2, the highest index contrast is achieved
in the lower frequency range of the passband at about
(1.2 − 1.4)THz with values up to ∆n = 1.5. In this
frequency interval, the ratio of the vacuum wavelength
to the unit cell size is λ0/a = 3.6− 4.2.
In the following, we illustrate the optical properties of
the proposed GRIN metamaterial by two exemplary real-
izations: A highly refractive lens with a very large index
contrast of ∆n = 1.51 specified at a frequency of 1.2THz
(Lens 1) and a broadband lens applicable in the range of
(1.2 − 1.4)THz (Lens 2). In each case, the GRIN lens
was composed as a circular-shaped lens with a diameter
of 25 unit cells, a thickness of 3 unit cells in the direction
of propagation and was framed by a metallic aperture
(see Fig. 1(b)). The incident THz wave was simulated
by a linearly polarized plane wave and the overall calcu-
lation domain was terminated by open boundary condi-
tions. The spatial refractive index profile of the GRIN
lens was created by varying the inner radius r of the an-
nular slot elements in dependence on their position within
the lens. The appropriate relation between r and n was
determined from the retrieved values of n. For exam-
ple, Fig. 4(a) shows the dependence n(r) at the frequen-
cies 1.2THz, 1.3THz, and 1.4THz. For the broadband
Lens 2, the radius was varied between 17µm and 22µm.
In this interval, the relation between r and n is almost
linear and, thus, the parabolic index profile was approx-
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Fig. 3. Retrieved values for the effective permittivity ǫ and
permeability µ, exemplarily shown for a slot element with an
inner slot radius of r = 20 µm.
imated by a parabolic r-profile, according to
r(i, j) = (rmin − rmax)
i2 + j2
N2
+ rmax (1)
where i and j denote the cell indices in the x- and
y-direction and N is the maximum cell index. For the
highly refractive Lens 1, the inner radius of the slot
elements was varied between 16µm and 24µm. Here,
we optimized the accuracy of the index profile by deter-
mining a higher order fit for the inverse function r(n)
at 1.2THz and then setting r(i, j) = r (n(i, j)) where
n(i, j) describes a parabolic profile. The corresponding
spatial refractive index profiles of both lenses are plotted
in Fig. 4(b). It should be noted that the index profile of
the broadband lens depends on the considered operation
frequency due to the frequency dispersion of the refrac-
tive index.
In Fig. 5, we present the results of the 3D full wave
simulations. Figs. 5 (a) – (d) show 2D plots of the elec-
tric field on selected planes for the highly refractive
Lens 1. As expected, the GRIN lens provides the desired
focusing functionality which is evidenced by uniformly
curved phase fronts of the electric field in the y-z-plane
(Fig. 5(a)) and the high intensity at the focus (Fig. 5(d)).
Moreover, the rotational symmetry of the field distribu-
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Fig. 4. (a) Retrieved values of the effective index of refrac-
tion n in dependence of the inner radius r of the annular slot
at three different frequencies. (b) Spatial index profiles of the
proposed highly refractive Lens 1 and of the broadband Lens 2
at three different frequencies in units of THz.
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Fig. 5. Results of the full wave simulations of the highly re-
fractive lens (Lens 1) and the broadband lens (Lens 2) for an
x-polarized THz wave incident from the left. (a) x-component
of the electric field at 1.2 THz in the y-z-plane and (b) in the
focal plane for normal incidence (with visible lens contours
indicated in the background). (c) Same as (a) but for an in-
cidence angle of α = 11 ◦. (d) Time-averaged intensity in the
y-z-plane. (e) Magnitude of the electric field relative to the
magnitude of the incident wave along the z-axis and (f) along
the y-axis at the focus plane.
tion in the focal plane shown in Fig. 5(b) indicates that
the focusing effect of the GRIN metamaterial is not sensi-
tive to the polarization of the incident field. Furthermore,
the focusing capabilities are maintained for oblique inci-
dence. This is demonstrated in Fig. 5(c) for an incident
wave at an angle of incidence of α = 11 ◦. Obviously, the
achieved spot size and focal length are almost identical
to those for normal incidence (this holds for both TE and
TM-polarized waves).
For a quantitative analysis of the proposed GRIN
lenses, we evaluated the magnitude of the electric field
along the z-axis as well as along the y-direction at the
focal plane for both lens configurations. The obtained
axial and transverse beam profiles, normalized to the
magnitude of the incident THz wave, are presented in
Figs. 5(e) and 5(f). The graphs show that the proposed
broadband lens (Lens 2) provides the desired focusing
effect in the entire spectral range of (1.2 − 1.4)THz.
However, as can be seen from Fig. 5(e), the frequency
dependence of the refractive index n results in a notice-
able chromatic aberration. In particular, the focal length
(z-position where the field magnitude is maximal),
increases from 0.8mm at 1.2THz to 1.2mm at 1.4THz.
The increase of the focal length for higher frequencies
agrees with the lowered curvature of the index profile
shown in Fig. 4(b). The achieved focal spot diameters
of both lenses are in the order of the wavelength of the
incident THz wave (see Fig. 5(f)). As expected, the
smallest spot size was achieved for the highly refractive
Lens 1. According to the common definition of the
spot diameter as the FWHM width of the intensity,
the achieved spot diameter for Lens 1 was 170µm and,
thus, was smaller than the wavelength of the incident
THz wave, λ = 250 µm. Consequently, Lens 1 also
produces the highest intensity in the focus. As seen from
Fig. 5(e), the amplitude of the electric field at the focus
is increased by a factor of 3.4 corresponding to an in-
tensity enhancement of more than an order of magnitude.
In conclusion, we have analyzed and discussed an array
of annular slots as a non-resonant, low-loss gradient index
metamaterial. The structure provides a large achievable
index contrast up to ∆n = 1.5 and a sufficient band-
width for practical applications. The appropriateness of
the design concept was demonstrated for the examples of
a highly refractive lens and a broadband lens operating
in the range of (1.2 − 1.4)THz, both consisting of only
3 layers of unit cells. The proposed lenses operate irre-
spectively of the polarization of the incident wave and
are insensitive to the angle of incidence. Furthermore,
we showed that the highly refractive lens is applicable to
focus THz radiation to a spot size smaller than the wave-
length of the incident wave where the THz intensity in
the focus was increased by more than one order of mag-
nitude. The planar geometry and the small number of
necessary functional layers allow the fabrication of such
metamaterials by standard multilayer BCB lithography
techniques as described in Ref. 14. That way, the pro-
posed design concept is especially advantageous for the
development of tailored optical components for the THz
technology. [13, 14]
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